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Edited by Ulf-Ingo Flu¨gge and Julian SchroederAbstract Anion channels/transporters appear as key players in
signaling pathways leading to the adaptation of plant cells to
abiotic and biotic environmental stresses, in the control of metab-
olism and in the maintenance of electrochemical gradients.
Focusing on the most recent advances, this review aims at
providing a description of the role of these channels in various
physiological functions such as control of stomatal movements,
plant–pathogen interaction, xylem loading, compartmentaliza-
tion of metabolites and coupling with proton gradients. These
functions have been demonstrated by a combination of electro-
physiology, pharmacology and genetics approaches, the key issue
being to identify the corresponding proteins and genes.
 2007 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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Among the various transport systems involved in basic cellu-
lar functions in plant cells as in animal cells, anion channels are
thought to participate in various physiological functions: cell
osmoregulation, cell signaling, plant nutrition and compart-
mentalization of metabolites, and metal tolerance (reviewed
in [1]). Anion channels are reported in all plant membranes
including the plasma membrane, tonoplast, endoplasmic retic-
ulum, mitochondria and chloroplasts, plasma membrane chan-
nels being by far the best characterized compared to those
located on other membranes. Anion channel activities and
associated regulation mechanisms have been characterized pri-
marily using electrophysiological techniques, while the identiﬁ-
cation of the corresponding genes is still in its infancy. Indeed,
even though several gene families are candidates for encoding
plant anion channels, the anion transport activity was only re-
cently established for the tonoplast protein AtCLCa partici-
pating in nitrate storage [2] and the plasma membrane
protein ALMT1 involved in organic acid secretion [3–5]. A
key issue in the ﬁeld thus remains to connect orphan anion
transport activities to the corresponding proteins and genes,*Corresponding author. Fax: +33 1 69823768.
E-mail address: Helene.Barbier-Brygoo@isv.cnrs-gif.fr (H. Barbier-
Brygoo).
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doi:10.1016/j.febslet.2007.04.003for a better understanding of their integrated function in the
plant.
This review aims at providing a description of the role of an-
ion channels or transporters in various physiological functions
depending on their expression in speciﬁc plant cells or tissues,
their membrane localization and their transport properties.
Focusing on the most recent advances, we will ﬁrst discuss
the role of anion channels in transduction pathways involved
in the control of stomatal movements (see also the paper by
Assmann et al., in this issue) or the triggering of defence re-
sponses upon plant/pathogen interaction. At the root level,
we will focus on plasma membrane anion channels involved
in xylem loading, as in this issue, nitrate uptake mechanisms
will be covered by Tsay et al., and malate/citrate secretion
associated with aluminium tolerance by Delhaize et al. We will
then discuss the presence at the vacuolar membrane of malate
channels and nitrate transporters which ensure important met-
abolic functions. The last part of the paper is dedicated to an
emerging role of anion channels/transporters through their
coupling with proton gradients across diﬀerent membrane
compartments, in plant as well as animal cells.2. Anion channels in guard cell signaling
Plasma membrane anion channels in plants are broadly dis-
tributed [6] in three classes on the basis of their voltage-depen-
dence, light-dependence and membrane stretch-dependence.
The most extensively characterized anion channels belong to
the ﬁrst class; they are depolarization activated channels
named Rapid-activating (R-type) and Slow-activating (S-type)
anion channels. Both have been found in diﬀerent plants spe-
cies such as Vicia faba, Nicotiana species, Arabidopsis thaliana,
coﬀee, carrot, and in various organs such as guard cells, sus-
pension cells, hypocotyl and root epidermal cells.
The R-type channel is selective for NO3 and, to a lesser
extent, for Cl and malate. Channels from Arabidopsis hypo-
cotyl cells and Vicia guard cells have similar voltage depen-
dence but show pronounced diﬀerences in their regulation by
pH and intracellular ATP [7,8]. They also diﬀer in their sensi-
tivity to pharmacological agents [9–11]. In both Arabidopsis
hypocotyl and Vicia guard cells, S-type channels co-reside with
the R-type channels at the plasma membrane [12]. S-type
channels in both species are highly permeable to NO3 over
Cl, but impermeant to SO24 . Their sensitivity to proteinblished by Elsevier B.V. All rights reserved.
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phosphorylation. As observed for R-type channels, Arabidop-
sis and Vicia S-type channels show distinct pharmacological
proﬁles.
Anion channels are major eﬀectors in stomatal movements
and are the targets of multiple signaling pathways in guard cells
(see the review by Assmann et al., in this issue). Because in
guard cells both the electrical gradient and the concentration
gradient of anions favour anion eﬄux, anion channel opening
has been proposed to provide the major driving force for sto-
matal closure [13]. Indeed, activation of anion channels is pre-
dicted to lead to membrane depolarization, which occurs after
ABA (abscisic acid) perception, and to coordinated anion eﬄux
and potassium eﬄux through depolarization-activated potas-
sium channels. Accordingly, molecules that block slow anion
channels in V. faba guard cells prevent stomatal closure [14,15].
Recent research focused on the regulatory events that trigger
anion channel activation. On the one hand, electrophysiologi-
cal analysis combined with molecular genetics identiﬁed sev-
eral elements required for anion channel activation by ABA.
On the other hand, a careful analysis of the sequence of trans-
duction events in guard cells from intact leaves pinpoints key
elements speciﬁcally activated upon guard cell ABA percep-
tion. Some of the elements identiﬁed by molecular genetics
may just control guard cell sensitivity to ABA.
ABA has been shown to activate slow anion currents in sev-
eral systems such as Nicotiana benthamiana, Nicotiana tabacum
and V. faba intact guard cells and Arabidopsis protoplasts
[16–18]. Elevations of free cytosolic calcium have been proposed
as a link between ABA perception and slow anion channel acti-
vation. Anion currents are activated at high cytosolic calcium
[19–21]. However, studies in intact V. faba guard cells show that
activation of anion channels by ABA in this system does not
require cytosolic calcium elevation [22]. Recent work on N.
tabacum intact guard cells provided evidence for both cal-
cium-dependent and calcium-independent activation of anion
currents in a time frame compatible with stomatal closure [23].
ATP binding cassette (ABC) modulators alter anion channel
regulation and stomatal function [24]. Pharmacological evi-
dence for the involvement of ABC regulators in the control
of guard cell anion channels have been supported by genetic
evidence: Arabidopsis knockout plants disrupted in the
MRP5 gene encoding an ABC protein display altered stomatal
behaviour [25,26]. Stomatal closure in response to ABA and
calcium is aﬀected in mrp5 mutants. Recent work shows that
slow anion channel activation triggered by ABA or calcium
is impaired in the mrp5 mutant [27]. These results point to a
key regulatory role of ABC proteins on slow anion channels.
In addition, activation of guard cell anion channels is mod-
ulated by protein phosphatases or protein kinases. In guard
cells, protein kinase and protein phosphatase inhibitors modu-
late slow anion channel activity and ABA-induced stomatal
closure accordingly [16,17,28]. In agreement with genetic data,
ABA-induced increase of slow anion channel activity is im-
paired in ABA insensitive mutants altered in the PP2Cs (Pro-
tein Phosphatase 2C) abi1 and abi2 [17], or in RCN1 (Roots
Curl in NPA), a PP1 (Protein Phosphatase 1) or PP2A (Protein
Phosphatase 2A) regulatory subunit [29]. More recently,
CDPK3 (Calcium Dependent Protein Kinase 3) and CDPK6
(Calcium Dependent Protein Kinase 6) were shown to be re-
quired for activation of slow anion currents by ABA and cal-
cium [30]. The requirement of CDPK for slow anion channelactivation establishes a molecular link with calcium signaling
in guard cells. A previous study showed that CDPKs also acti-
vate vacuolar anion channels in guard cells [31]. CDPKs could
thus coordinate anion eﬄux at the plasma membrane and vac-
uolar membrane during stomatal closure.
Several recent studies using voltage clamp analysis on intact
V. faba guard cells have shown that R-type anion channels are
also activated in response to ABA treatment [18,22,32]. In
addition, it has been proposed that modulation of R-type an-
ion channels by malate is responsible for stomatal closure
when atmospheric CO2 increases [33].
Finally, the involvement of slow anion current in stomatal
closure is supported by strong genetic and pharmacological
data. More recent studies in intact guard cells conﬁrm that fast
activation of S-type and R-type anion channels underlie the
depolarization induced by ABA in stomatal guard cells [18].
Future studies should combine analysis of anion currents in in-
tact guard cells and molecular genetics. Knowledge of the
molecular identity of plant anion channels will be required to
further analyze their roles in guard cell movements and ABA
signaling.3. Anion channels in plant/pathogen interactions
Involvement of anion ﬂuxes in transduction pathways lead-
ing to plant defences had been originally supported by phar-
macological approaches [34,35]. Indeed, activation of anion
eﬄux has been mostly described as a component of the early
responses induced by plant/pathogen interaction in the context
of innate immunity [36]. Most studies concern the HR (Hyper-
sensitive Response)-like response following pathogen infection
or treatment by puriﬁed elicitors, such as the fungal proteina-
ceous elicitor cryptogein. In tobacco cell suspensions, cryptog-
ein induces a fast and large anion eﬄux which results in a drop
of about 60% of internal NO3 within 1 h [37]. Concomitantly a
biphasic cytosolic calcium signature composed of a fast peak
followed by a long-sustained increase [38] is observed. Anion
channel blockers such as niﬂumic acid and NPPB have a high
potency to counteract the various elicitor-induced events,
including anion eﬄux, oxidative burst, MAPKinase activation,
and transcriptional activation of defence genes [37]. Data re-
ported on diﬀerent systems, showing that channel blockers
cause a signiﬁcant inhibition of the HR and cell death, indicate
that anion channel activity is a prerequisite for the HR. The
nature of the link between anion eﬄux and HR is unresolved
but Garcia-Brugger et al. [36] propose that anion channels,
probably in coordination with the fast calcium peak, might ini-
tiate and amplify plasma membrane depolarization. This depo-
larization would in turn activate voltage-dependent Ca2+
channels and K+ eﬄux channels, leading to massive K+ release
and consecutive water loss. All these processes probably con-
tribute to the shrinkage of cells commonly observed during
the HR. In this biological system, activation of anion channels
positively regulates cell death triggered by the elicitor [37].
In another biological system, using an elicitor secreted by the
bacterial pathogen Erwinia amylovora, El-Maarouf et al. [39]
reported a decrease of anion currents in Arabidopsis suspen-
sion cells in response to the harpin HrpNea. They used a single
microelectrode voltage-clamp technique to follow the activa-
tion/inhibition of anion and potassium currents induced by
elicitors. Interestingly, the HrpNea-induced cell death can be
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the bromotetramisole activators of cystic ﬁbrosis transmem-
brane regulator (CFTR) Cl channels. These pharmacological
agents were shown to modulate also the Arabidopsis anion
current [40]. This set of results suggests that reduction of an
ABC-mediated anion current might be a necessary step of
HrpNea-triggered cell death. In the same line, combining
patch-clamp studies and the use of anion channel blockers,
we provided data indicating that R-type channel activity de-
lays cell death during non-host disease reaction in Arabidopsis
cells (Frachisse et al., unpublished data).
These studies illustrate that plasma membrane anion chan-
nels might act as positive (tobacco/cryptogein) or negative
(Arabidopsis/HrpNea) regulators of elicitor-induced cell death.
This discrepancy suggests that mechanisms through which an-
ion channels contribute to cell death might diﬀer according to
the nature of elicitors and the strategies adopted by diﬀerent
plant species to counteract pathogen infection. Whatever the
biological system, detailed signaling pathways involving anion
channels still need to be characterized.4. Anion channels in xylem loading
Anion channels in roots have been much less documented
than those associated with guard cell functions. Recently, plas-
ma membrane anion channels of root cells have been exten-
sively reviewed by Roberts [6], and the transporters
responsible for nitrate uptake by the root will be described
by Tsay et al., in this issue. Nitrate is quantitatively the most
important inorganic anion transported from the root through
the xylem to the shoot. The transport of nutrient ions from the
soil solution to the xylem vessels is ensured by specialized cell
types. The net uptake of ions from the soil solution resides at
the plasma membrane of peripheral cells (epidermal and corti-
cal cells), whereas the release of ions into the xylem vessels is
mediated by stelar cells. The set of anion channels present in
the plasma membrane diﬀers in these diﬀerent cell types, at
least in most of the plant species studied so far.
Anion homeostasis in epidermal root cells depends on the
equilibrium between (i) inﬂux in the root periphery mainly
through proton coupled nitrate import system (see Tsay
et al., in this issue) and occasionally through outward-recti-
fying depolarization-activated anion channels, such as
NO3 -selective OR-DAACs (Outward Rectifying Depolariza-
tion Activated Anion Channels) in wheat [41], and (ii) eﬄux
from the root periphery through depolarization-activated an-
ion eﬄux channels. In this latter case, the best documented
channel activities concern R-type channels in epidermal and
root hair cells of Arabidopsis roots, identiﬁed as ARAC
(Arabidopsis root anion channel) [42–44].
As to xylem loading, the more complete study was reported
by Ko¨hler and Raschke [45] on the plasma membrane of
xylem-parenchyma cells of barley roots. Three anion conduc-
tances diﬀering in their properties were present in this cell
type, X-QUAC (Xylem-quickly activating anion conduc-
tance), X-SLAC (Xylem-slowly activating anion conductance)
and X-IRAC (Xylem-inwardly rectifying anion channel).
X-QUAC, and to a lesser extent X-SLAC, would provide, to-
gether with the K+ channel KORC, the main pathways for
electroneutral salt loading into the xylem [45], whereas the
low amplitude X-IRAC currents might counterbalance theactivity of electrogenic H+ pumping (see below). The delivery
of salts to the xylem was further shown to be regulated by
nitrate itself. Indeed, apoplastic nitrate controls the voltage-
dependence of X-QUAC, the main anion conductance in
xylem-parenchyma cells of barley roots [46], suggesting that
nitrate eﬄux into the xylem through X-QUAC would be main-
tained with high NO3 concentrations in the xylem sap, a situ-
ation which occurs for instance during the night. Similarly, in
maize roots, the inhibition of anion loading into the xylem, an
important response to water stress, is due to down-regulation
of Zm-X-QUAC activity, which is induced by an ABA-medi-
ated rise in free cytosolic Ca2+ [47]. These examples support
the physiological relevance of these xylem anion transport
activities. Anion channels associated with Arabidopsis roots
are much less documented. Interestingly, the anion channel
equipment at the plasma membrane of pericycle of root stelar
cells appears less diversiﬁed, as only ARAC-type channels [43]
most likely responsible for SO24 eﬄux have been identiﬁed so
far [44]. These data raise the question of a possible diﬀerence
between dicots and monocots in the management of anions,
as suggested by Roberts [6].5. Vacuolar nitrate transporters, malate channels and
metabolism
Nitrate and malate are, at least in quantitative terms, the
two major anions in plants. Both anions have important met-
abolic functions and the major part of them is accumulated in
the vacuolar lumen. In plants, malate plays a main role in
charge-balancing solute in the vacuole of mature cells, in car-
boxylate and glyoxylate cycle, in CO2 temporary storage and
in the movement of stomata and pulvini [48–51]. In CAM
(Crassulacean Acid Metabolism) plants, malate is produced
at night and transferred to the vacuole as a carbon storage
molecule, released and decarboxylated during the day for
CO2 assimilation via Calvin cycle. Nitrate is one of the major
nitrogen sources for plants in aerobic soils, entering the cell via
plasma membrane transporters such as NNP (Nitrate–Nitrite
Transporter) and PTR (Peptide Transporter) family members
[52]. Once in the cytoplasm, nitrate has two major destinies:
the ﬁrst one is to be reduced to nitrite by nitrate reductase en-
zyme [53] (Fig. 1) and then transported into the chloroplast to
enter the aminoacid biosynthesis pathway; the second one is to
be transported to the vacuolar lumen, where it is stored for
osmotic purposes and redistributed to the cytoplasm under
starvation [54]. Since malate and nitrate are major actors in
carbon and nitrogen metabolism, their traﬃcking through
endocellular compartments must be coordinated and regulated
in order to maintain adequate metabolic ﬂuxes as well as
osmotic pressure of both plant cells and organelles. In the
following we report the major characteristics of the transport
mediated by the nitrate transporter [2] and malate channel
[31,55–59] investigated in the tonoplast.
Seminal studies on barley mesophyll vacuoles [54] demon-
strated that plants accumulate the major part of nitrate in
the central vacuole and provided evidence for the presence of
a nitrate/proton exchange at the vacuolar membrane of red
beet and oat [60,61]. After the proteins of the Chloride Chan-
nel (CLC) family were discovered in A. thaliana and N. taba-
cum [62,63], it was hypothesized that these proteins might be
involved in anion transport across plant membranes.
Fig. 1. Schematic representation of the non-exhaustive nitrate and malate cycling in a plant cell, mediated by the malate channel and the NO3 =H
þ
antiporter, together with the proton pumps energizing the vacuolar and the cytoplasmic compartments. The plasma membrane NO3 =H
þ symporter,
proton pump and anion channels are illustrated in grey colours. NR, nitrate reductase.
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a) showed that knockout mutant plants were able to concen-
trate only half of the nitrate accumulated by wild-type plants
and that nitrate up-regulates AtCLCa transcript level [64].
These experiments indicated that AtCLCa is somehow in-
volved in nitrate accumulation in plant tissues. By means of
confocal microscopy and immunology techniques, we demon-
strated in a recent work that the AtCLCa protein resides in
A. thaliana tonoplast [2]. Using an electrophysiological ap-
proach on mesophyll vacuoles, we showed that AtCLCa oper-
ates as a NO3 =H
þ antiporter with a 2:1 nitrate:proton
stoichiometry. The AtCLCa protein shares this property with
other CLC proteins isolated from mammals and bacteria
[65–67]. The identiﬁcation of the mechanism responsible for
the antiporter behaviour of CLCs is a crucial question of mem-
brane transport. Recent works on bacterial CLCec-1 demon-
strated that the structure of the protein, as well as the nature
of the transported anion, inﬂuence the coupling between pro-
tons and anions within the transporter [68,69]. Sequence anal-
ysis conﬁrms that AtCLCa [2] has glutamate residues in
equivalent positions of the two glutamates essential for H+
transport in the prokaryotic CLC channel [68]. Interestingly,
while in CLCec-1 nitrate displays very little coupling with pro-
tons [69], in AtCLCa the same anion has an eﬃcient H+-cou-
pling [2]. This last consideration raises the question of the
structural basis of selectivity in CLC antiporters, and enlight-
ens the link between molecular architecture and physiological
role in membrane transport proteins. If we consider AtCLCa
in a physiological context (Fig. 1), it is worthwhile to hypoth-
esize that its antiporter characteristics enable it to use the pH
gradient (actively maintained by vacuolar H+-ATPases across
the tonoplast) to accumulate NO3 into the vacuole. Thermo-
dynamic considerations showed that, in accordance with
in vivo measurements [70], AtCLCa can actually build a ni-
trate gradient up to 1:50 between cytoplasm and vacuole [2].
Conversely, malate channels in the tonoplast have been
known for a long time [55] but their molecular identity is still
unknown. Studies performed on malate transport by diﬀerentmethods such as pH-dependent ﬂuorescence, ﬂux and electro-
physiological analysis demonstrated that malate accumulation
into the vacuole is mediated by speciﬁc transporters as well as
selective channels which activate at physiological (cytoplasmic
side negative) vacuolar potentials. Malate channels are present
in all plant species investigated so far, where they transport
this organic anion downhill the electrochemical gradient deter-
mined by malate concentration and electrical potential created
by the H+-pumps (Fig. 1). Indeed, patch-clamp experiments
demonstrated that malate2 anions are eﬃciently transported
by small conductance (3 pS) channels [57], displaying very
similar macroscopic inwardly rectifying currents, which acti-
vate in a voltage and time-dependent manner in vacuoles from
both C3 [55,59] and CAM [56–58,71,72] plants. It has been
demonstrated that in the halophyte plant Mesembryanthemum
crystallinum (able to change from C3 to CAM metabolism
when exposed to stress) only one of the two types of vacuoles
present in mesophyll cells carries an inward rectifying channel
[58].
The inwardly rectifying malate channel was demonstrated to
be even more permeable to fumarate2 but much less perme-
able to other organic anions, such as citrate, both in Kalanchoe
daigremonthiana [57] and A. thaliana [55,59]. On the contrary,
unless the vacuole was pre-incubated in malate [55], the malate
channel demonstrated very little permeation to chloride ions
[55–57].
Despite the fact that the characteristics of the malate channel
are signiﬁcantly diﬀerent from those of other anion channels,
such as the chloride channel [73], it still shares some common
features with other inorganic anion channels as it seems to be
slightly permeable to NO3 [55] and reversibly blocked by niﬂu-
mic acid [56,57], a well-known inhibitor of chloride channels.
In accordance with experiments performed on vesicles with
pH-dependent ﬂuorescence and tracer ﬂuxes, patch-clamp
studies conﬁrmed that the CAM malate channel is actively
modulated by cytoplasmic protons as the channel is strongly
dependent on the external pH, the current decreasing with
the acidiﬁcation of the cytoplasm [56,57].
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Several lines of evidence indicate that anion ﬂuxes through
anion channels may contribute to the maintenance and regula-
tion of proton gradients across the diﬀerent membrane com-
partments in plant cells. Anion channels may provide an
electrical shunt for proton pump currents. Indeed, the activity
of a proton pump alone would result in strong membrane
polarization without building up a proton gradient (Fig. 2A)
and transport of another charge – either a cation in the oppo-
site direction or an anion in the same direction – is required to
maintain electroneutrality and build up a proton gradient
(Fig. 2B and C). For example, eﬄux of anions together with
proton extrusion is one way to maintain a pH gradient across
the plasma membrane of plant cells. In addition, channel med-
iated organic anion ﬂuxes and proton gradient reciprocally
inﬂuence each other. For example, malate eﬄux through vac-
uolar anion channels may buﬀer cytosolic protons and in turn
the trans-tonoplastic pH gradient favours malate eﬄux
through malate channels [51].
Involvement of anion channels in such processes is sup-
ported by the strong regulation of anion channels by pH. At
the tonoplast, malate channels are regulated by protons [56].
At the plasma membrane, regulation of R-type anion channels
by extracellular pH was ﬁrst described in V. faba guard cells
[7]. Acidiﬁcation of the apoplast promotes fast anion channel
activity balancing proton and anion ﬂuxes through the plasma
membrane [74]. More recently, Colcombet et al. demonstrated
that in Arabidopsis hypocotyl cells, fast anion currents are also
activated upon apoplastic acidiﬁcation [75]. On the contrary,
slow anion currents are activated upon intracellular acidiﬁcat-
ion [75], a condition under which active proton pumping
would be required to maintain cytosolic pH. In agreement with
this hypothesis, it has also been shown that the pH optimum
(pH 6.5) of a nitrate eﬄux system characterized in plasma
membrane vesicles from maize roots coincides with the pH
optimum of the proton pump in the same material [76]. ThisFig. 2. Coupling between anion ﬂuxes and pH regulation by shunting
proton pumps. (A) Proton pumping without a shunt hyperpolarizes
the membrane and does not allow generation of a proton gradient. (B)
Inverse ﬂux of potassium ions shunts the proton pump current and
allows generation of a proton gradient. (C) Parallel ﬂux of anions
through anion channels also allows generation of a proton gradient.
(D) A 2 anions/1 proton antiport mechanism still provides a shunt for
proton pumping.suggests a tight coupling between the two transport systems
through pH regulation.
It has also been proposed that CLC proteins of intracellular
organelles participate in the establishment of an acidic intraor-
ganellar pH [77,78]. In yeast, the only CLC homologue, Gef1p,
is localized in the Golgi apparatus [79]. A gef1 mutant is defec-
tive in mitochondrial function. This defect could be traced
back to impaired iron acquisition due to improper processing
of the Fet3p (which is required for high aﬃnity iron uptake)
in the secretory system. It was suggested that the improper
processing of Fet3p results from defect in intra Golgi pH reg-
ulation [80]. A similar function in pH regulation has been pro-
posed for mammalian CLC proteins that localize on
intracellular vesicles, such as CLC3, 5 and 7 [77]. Interestingly,
expression of plant AtCLCd, complements gef1 yeast mutant
phenotype [62,80] suggesting functional similarity with Gef1p.
Very recently, AtCLCd was shown to be targeted to the Trans
Golgi Network (TGN) in plant cells [81]. This localization
coincides with that of the vacuolar ATPase VHA1a in agree-
ment with a functional link between these two proteins. Fur-
thermore, a knockout clc-d mutant displays hypersensitivity
to concanamycin A, a speciﬁc inhibitor of V-ATPase [81].
Other Arabidopsis CLC proteins are targeted to intracellular
organelles such as chloroplasts (AtCLCe) and Golgi vesicles
(AtCLCf) (Ephritikhine et al., unpublished results), however
it remains to be tested whether these proteins also play a role
in proton gradient maintenance.
The recent discovery that several CLC proteins, such as
AtCLCa, function as anion proton antiport suggests more
complex connections between CLC proteins and proton gradi-
ent [2,65–67]. While some CLC would provide the electrical
shunt necessary to establish the proton gradient, the antiport
members of the family consume part of the proton gradient
to build up anion gradients (Fig. 2C and D). On the basis of
our knowledge of CLC structure–function relationship [82],
like AtCLCa, AtCLCd would also be predicted to function
as an antiporter. However, the 1 proton/2 anions transport
stoichiometry of CLC antiports would still allow them to par-
ticipate to the maintenance of vesicular pH gradient as this
stoichiometry would still generate a shunt anion current for
proton pump activity (Fig. 2D). In the future, it would be
important to support the hypothesis that CLCs, and more gen-
erally anion channels/transporters, participate in the mainte-
nance of cellular proton gradient and organelle acidiﬁcation
by directly measuring organelle pH in CLC knockout mutants
or plants treated by anion channel inhibitors. As pH is an
intermediate in many signaling pathways in plant cells, it will
be worth testing whether anion channel functions in signaling
are connected with their role in pH control.7. Concluding remarks
Anion channels clearly appear as central components of sig-
naling pathways leading to the adaptation of plant cells to abi-
otic and biotic environmental stresses, as well as key actors in
the control of metabolism and in the building and maintenance
of electrochemical gradients. These functions have been dem-
onstrated by a combination of electrophysiology, pharmacol-
ogy and genetics approaches, but the next goal is to identify
the corresponding proteins and genes. Future studies will also
have to take into account higher levels of complexity, including
2372 A. de Angeli et al. / FEBS Letters 581 (2007) 2367–2374the assessment of functional complementarity/redundancy of
diﬀerent transporters within a given gene family (for instance
the AtCLC proteins targeted to various membrane compart-
ments) or between diﬀerent gene families (for instance the
AtCLC versus the AtNRT1 or AtNRT2 families, see Tsay
et al., this issue). Coordinated transport activities between cel-
lular membrane and compartments will also have to be consid-
ered. Much can be learned by protein sequence comparisons in
databases and predicted structure similarities with orthologous
proteins in other organisms, and associated functional studies
will help to characterize functions common to animals, micro-
organisms and plant cells. However, unexpected structural fea-
tures or functions of plant anion channels/transporters will
emerge from approaches such as proteomics studies of plant
membranes [83]. Resolving these challenging issues will lead
to a better understanding of the functions and regulations of
plant anion channels/transporters and of their central role in
cell signaling and metabolism.
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